T h e ne w e ngl a nd jou r na l o f m e dic i ne n engl j med 361;20 nejm.org november 12, 2009 1954 A therosclerotic renovascular disease is a common condition with a rate of death of about 16% per year, largely from associated cardiovascular disease. [1] [2] [3] Stenosis of the renal artery is associated with both hypertension and chronic kidney disease, although it is not clear whether these associations are causal. 4 Treatment has traditionally focused on correcting renal-artery stenosis, with endovascular revascularization having gradually replaced open surgical techniques.
Three small, randomized, controlled trials showed no significant benefits of angioplasty over medical therapy, [5] [6] [7] but these studies were underpowered, even when their results were combined, 8 to detect possible moderate but clinically worthwhile improvements in renal function or blood pressure or a reduction in mortality. The Angioplasty and Stenting for Renal Artery Lesions (ASTRAL) trial was designed to determine reliably whether revascularization together with medical therapy improves renal function and other outcomes, as compared with medical therapy alone, in patients with atherosclerotic renalartery stenosis.
Me thods

Study Design
This multicenter, randomized, unblinded clinical trial was designed and conducted by the members of the ASTRAL writing committee and the University of Birmingham Clinical Trials Unit and was supported by the Medical Research Council U.K., Kidney Research U.K., and Medtronic. The trial was approved by the West Midlands United Kingdom Multicenter Research Ethics Committee and the ethics committee at each participating study center. Members of the writing committee assume responsibility for the accuracy and completeness of the data and for the overall content and integrity of the article. Medtronic had no role in the design of the study or in the collection, analysis, and interpretation of the data or the writing of this report.
Patients
Patients were screened for enrollment in the study if clinical findings (e.g., uncontrolled or refractory hypertension or unexplained renal dysfunction) suggested a diagnosis of atherosclerotic renovascular disease. Patients with such findings underwent renal-artery imaging (with the use of intraarterial, computed tomographic, or magnetic resonance angiography), renal ultrasonography, and other relevant laboratory and clinical assessments.
Patients were eligible to participate if they had substantial anatomical atherosclerotic stenosis in at least one renal artery that was considered potentially suitable for endovascular revascularization and if the patient's doctor was uncertain that the patient would definitely have a worthwhile clinical benefit from revascularization, taking into account the available evidence. Patients were not eligible if they required surgical revascularization or were considered to have a high likelihood of requiring revascularization within 6 months, if they had nonatheromatous cardiovascular disease, or if they had undergone previous revascularization for renal-artery stenosis. All patients provided written informed consent.
Randomization
Patients were randomly assigned either to undergo revascularization in addition to receiving medical therapy or to receive medical therapy alone, in a 1:1 ratio with the use of a computerized minimized-randomization procedure. Randomization was stratified according to the serum creatinine level, estimated glomerular filtration rate (as calculated by the Cockcroft-Gault method 9 ), severity of renal-artery stenosis, kidney length on renal ultrasonography, and rate of progression of renal impairment in the previous year (with rapid progression defined as an increase in the serum creatinine level of more than 20% or of more than 100 μmol per liter [1.13 mg per deciliter]). Randomization was determined by means of a telephone call to the central trial office or through an online randomization system.
Treatment and Follow-up
For patients who were assigned to undergo revascularization, the procedure was performed as soon as possible after randomization (ideally, within 4 weeks). The precise revascularization procedure (angioplasty either alone or with stenting) was determined by local practitioners, and renal protection devices were not used. 10 Patients in both study groups received medical therapy, according to local protocols. This therapy typically consisted of statins, antiplatelet agents, and optimal blood-pressure control. Follow-up visits were scheduled 1 to 3 months, 6 to 8 months, and 1 year after randomization and then annually for 5 years. An independent data and safety monitoring committee reviewed efficacy and safety data every 12 months.
Outcome Measures
The primary outcome was the change in renal function, which was assessed by measuring the mean slope of the reciprocal of the serum creatinine level over time. This measure was used because it has a linear relationship with creatinine clearance (a surrogate for the glomerular filtration rate), unlike the serum creatinine level, which has a curvilinear relationship. Analyses of absolute serum creatinine levels were also performed. Secondary outcomes included blood pressure, the time to the first renal event, the time to the first major cardiovascular event, and mortality. Renal events were defined as a new onset of acute kidney injury, the initiation of dialysis, renal transplantation, nephrectomy, or death from renal failure. Major cardiovascular events were defined as myocardial infarction, stroke, death from cardiovascular causes, hospitalization for angina, fluid overload or cardiac failure, coronary-artery revascularization, or another peripheral arterial procedure. Treatment complications and serious adverse events were also reported and reviewed by a safety committee.
Statistical Analysis
The trial was designed to detect a reduction of 20% in the mean slope of the reciprocal of the serum creatinine level. Assuming that there would be a mean slope of −1.6×10 −3 liters per micromole per year (with a standard deviation of 1.5) 11 in the medical-therapy group, we determined that achieving a mean slope of −1.28×10 −3 liters per micromole per year in the revascularization group would require the enrollment of 700 patients, with a power of 80% and a two-tailed P value of 0.05. Target recruitment was initially set at 1000 patients to allow for the crossover of patients from the medical-therapy group to undergo revascularization and for the loss of patients to follow-up. This number was subsequently reduced to a minimum of 750 patients because crossover rates were lower than anticipated. Recruitment continued beyond 750 patients to increase the number of patients in a substudy of cardiac structure and function. 12
All analyses were performed according to the intention-to-treat principle with the use of all available data through the maximum follow-up of 5 years. For continuous variables, the pattern of change over time was evaluated with the use of repeated-measures analysis, 13 with differences in slope assessed by testing the significance of a treatment-by-time interaction. If there was no significant treatment-by-time interaction, then a model without the interaction term was fitted to obtain an average treatment difference, with the 95% confidence interval, over time. Between-group differences at each assessment were also compared with the use of t-tests. For time-to-event data, Kaplan-Meier curves were constructed and compared between the groups with the use of the log-rank test, with a hazard ratio of less than 1.0 indicating a benefit of revascularization. All reported P values are two-tailed. All analyses were performed with the use of SAS software, version 9.1 (SAS Institute).
R esult s
Patients
From September 2000 through October 2007, a total of 806 patients were enrolled (403 in each study group) at 57 hospitals (53 in the United Kingdom, 3 in Australia, and 1 in New Zealand). The majority of patients had severe renal-artery stenosis (59% had stenosis of more than 70%) or clinically significant renal impairment (60% had a serum creatinine level of 150 μmol per liter [1.7 mg per deciliter] or more) or both ( Table 1 ). As of November 1, 2008 (when the database was locked for analysis), the median follow-up was 33.6 months; 38 patients (5%) had withdrawn or been lost to follow-up (see Fig. 1 in the Supplementary Appendix, available with the full text of this article at NEJM.org).
Revascularization
In the revascularization group, the procedure was attempted in 335 of the 403 patients (83%), with the procedure deemed to be a technical success in 317 of the 335 patients (95%). The median time to revascularization was 32 days (range, 0 to 520; interquartile range, 18 to 54) ( ization after a median of 601 days (range, 7 to 1992; interquartile range, 333 to 1115).
Medical Therapy
One year after enrollment, the proportions of patients receiving antihypertensive, antiplatelet, and cholesterol-lowering medications were similar to those reported at baseline ( Table 1 in the Supplementary Appendix). The average number of antihypertensive agents at 1 year was slightly higher for patients in the medical-therapy group (2.97) than in the revascularization group (2.77, P = 0.03). At baseline, slightly more patients in the revascularization group were receiving renin-angiotensin blockers (47% vs. 38%, P = 0.02); this difference was maintained at 1 year (50% vs. 43%, P = 0.05). 
Renal Function
During the 5-year study period, the overall mean slope of the reciprocal of the serum creatinine concentration was −0.07×10 −3 liters per micromole per year in the revascularization group, as compared with −0.13×10 −3 liters per micromole per year in the medical-therapy group, a difference of 0.06×10 −3 liters per micromole per year (95% confidence interval [CI], −0.002 to 0.13) favoring revascularization (P = 0.06) (Fig. 1A , and Table 2 in the Supplementary Appendix). During 5 years of follow-up, the mean reciprocal of the creatinine level (the model without the interaction term) was 0.09×10 −3 liters per micromole (95% CI, −0.02 to 0.20; P = 0.10) higher in the revascularization group than in the medical-therapy group. During the same period, the mean serum creatinine level was 1.6 μmol per liter (95% CI, 02586. † A rapid increase in the serum creatinine level was defined as an increase of more than 100 µmol per liter (1.13 mg per deciliter) or of more than 20% during a 1-year period. ‡ Data regarding urinary protein were not routinely collected at all centers and thus are provided for only 136 patients in the revascularization group and 148 patients in the medical-therapy group. § Data regarding cholesterol were not routinely collected at all centers and thus are provided for only 363 patients in the revascularization group and 375 patients in the medical-therapy group. ¶ Data are presented for the more affected kidney for which a surgical plan was provided at the time of randomization. ‖ One patient who underwent randomization had a known occlusion. ** Two patients had kidney enlargement (length, 16 cm and 20 cm) that was caused by polycystic kidney disease. Table 2 in the Supplementary Appendix). The proportions of patients with different degrees of improvement or deterioration of renal function at 12 months were similar in the two groups (Fig. 2 in the Supplementary Appendix). In a per-protocol analysis, there was no significant difference in the primary outcome between the 317 patients who underwent successful revascularization and the 379 patients who received medical therapy only (Fig. 3 in the Supplementary Appendix).
The New England
Subgroup Analyses
There were no significant differences in the primary outcome in any of the protocol-specified subgroups, which were defined according to the serum creatinine level, estimated glomerular filtration rate, severity of renal-artery stenosis, kidney length, and previous rate of progression of renal impairment. In a post hoc subgroup analysis, we also found no significant difference in the primary outcome between the 163 patients with severe anatomical disease (103 patients with bilateral renal-artery stenosis of more than 70% and 60 patients with renal-artery stenosis of more than 70% in a single functioning kidney) and patients without such severe anatomical disease (P = 0.23) (Fig. 4 in the Supplementary Appendix).
Blood Pressure
During the 5-year study period, systolic blood pressure decreased in the two study groups, with no significant difference between the groups ( Fig. 2A , and Table 2 in the Supplementary Appendix). The slopes for systolic blood pressure diverged at a rate of 0.27 mm Hg per year (95% CI, −0.83 to 1.38; P = 0.63). During 5 years of follow-up, the mean systolic blood pressure (the mod- el without the interaction term) was 1.6 mm Hg (95% CI, −3.21 to 0.08; P = 0.06) lower in the revascularization group than in the medical-therapy group. The mean diastolic blood pressure also decreased in both study groups, but conversely, the reduction was greater in the medical-therapy group. The slopes for diastolic blood pressure diverged at a rate of 0.61 mm Hg per year (95% CI, 0.07 to 1.16; P = 0.03) (Fig. 2B , and Table 2 in the Supplementary Appendix).
Renal and Cardiovascular Events and Mortality
Among patients who underwent at least one follow-up assessment, 73 renal events occurred in 57 patients in the revascularization group, as compared with 80 events in 58 patients in the medicaltherapy group (P = 0.97) ( Table 3 in the Supplementary Appendix). The time to a first renal event did not differ significantly between the two groups (hazard ratio in the revascularization group, 0.97; 95% CI, 0.67 to 1.40; P = 0.88) (Fig. 3A) . Acute kidney injury occurred in 25 of 383 patients (7%) in the revascularization group and in 23 of 392 patients (6%) in the medical-therapy group, and endstage renal disease developed in 30 patients (8%) in the revascularization group and in 31 patients (8%) in the medical-therapy group. A total of 238 cardiovascular events were reported in 141 patients in the revascularization group, as compared with 244 events in 145 patients in the medical-therapy group (P = 0.96) ( Table 3 in the Supplementary Appendix). Cardiovascular events occurred at similar rates in the two groups (hazard ratio in the revascularization group, 0.94; 95% CI: 0.75 to 1.19; P = 0.61) (Fig. 3B) .
There was no significant between-group difference in overall survival (hazard ratio in the revascularization group, 0.90; 95% CI, 0.69 to 1.18; P = 0.46), with 103 deaths in the revascularization group and 106 deaths in the medicaltherapy group (Fig. 4, and 
Complications of Revascularization
A total of 38 periprocedural complications (defined as complications occurring within 24 hours after the procedure) were reported in 31 of the 359 patients (9%) who underwent revascularization (including 1 of the 24 patients in the medical-therapy group who crossed over to revascularization) ( Table 4 in the Supplementary Appendix). Nineteen of these events (in 17 patients) were considered to be serious complications, including pulmonary edema in one patient and myocardial infarction in another. In addition, there were five renal embolizations, four renal arterial occlusions, four renal-artery perforations, one femoral-artery aneurysm, and three cases of cholesterol embolism leading to peripheral gangrene and amputation of toes or limbs.
Of the 280 patients in the revascularization group for whom data regarding adverse events were available at 1 month, 55 (20%) had an adverse event between 24 hours and 1 month after the procedure (data were missing for 55 of 335 patients). Of these events, 12 (in 11 patients) were considered to be serious: 2 deaths (both from cardiac causes), 4 cases of groin hematoma or hemorrhage requiring hospitalization, 5 cases of clinically significant acute kidney injury, and 1 renal-artery occlusion ( Table 4 in the Supplementary Appendix). Thus, in total, 31 serious complications of revascularization occurred in 23 patients.
Discussion
We found no evidence of a worthwhile clinical benefit in the initial years after revascularization in patients with atherosclerotic renal-artery stenosis. The upper confidence limits for a benefit from revascularization with respect to renal function were below levels that would be considered clinically relevant. No significant improvements in blood pressure or reductions in renal or cardiovascular events or mortality were seen.
A meta-analysis of three previous randomized, controlled trials [5] [6] [7] suggested that the benefits of angioplasty, as compared with medical management, were at best limited to a slight improvement in blood-pressure control, as manifested by a reduced need for antihypertensive drugs. 8 These trials had limitations, since they were small (totaling 210 patients); in addition, for most patients undergoing revascularization, only balloon angioplasty was performed, and the crossover rate from the medical-therapy group to the revascularization group was high, averaging 29%.
In contrast to the available data from randomized clinical trials, nonrandomized studies 14, 15 have suggested that revascularization results in improvement in renal function in approximately Panel A shows the time to the first renal event, which was defined as a new onset of acute kidney injury, the initiation of dialysis, renal transplantation, nephrectomy, or death from renal failure. Such events occurred in 57 patients in the revascularization group and 58 patients in the medical-therapy group (hazard ratio in the revascularization group, 0.97; 95% CI, 0.67 to 1.40; P = 0.88). A partial nephrectomy to treat renal carcinoma was excluded from this analysis. Panel B shows the time to the first major cardiovascular event, which was defined as myocardial infarction, stroke, death from cardiovascular causes, hospitalization for angina, fluid overload or cardiac failure, coronary-artery revascularization, or another peripheral arterial procedure. Such events occurred in 141 patients in the revascularization group and in 145 patients in the medical-therapy group (hazard ratio, 0.94; 95% CI, 0.75 to 1.19; P = 0.61).
The 1961 25% of patients with atherosclerotic renovascular disease. However, the potential biases in such studies are well known. 16 Indeed, in our study, at 1 year, 27% of patients in the medical-therapy group had an improvement of more than 10 μmol per liter (0.11 mg per deciliter) in the serum creatinine level, which shows how benefits that could erroneously be ascribed to revascularization in an uncontrolled study may actually be due to chance fluctuations or effective medical therapy.
Data from studies in the United States have indicated that revascularization is performed in 16% of patients with newly diagnosed atherosclerotic renovascular disease. 1 Since endovascular interventions are associated with substantial morbidity, 17 inconvenience, and cost, with little apparent benefit, the widespread use of such procedures outside of clinical trials can now be questioned. A related implication is that there seems to be little value in screening asymptomatic patients who have atherosclerosis and chronic renal disease or hypertension for evidence of renovascular disease.
An important limitation of our trial concerns the population that we studied. As noted, patients were enrolled in the trial only if their own physician was uncertain as to whether revascularization would provide a worthwhile clinical benefit. The principle of equipoise requires such uncertainty for the ethical conduct of the trial. However, this enrollment criterion leaves unresolved the question of whether some patients with renovascular disease who did not meet the eligibility criteria might have benefited from revascularization. There is a consensus, which is not evidence-based, that certain groups of patients with severe renal-artery stenosis (e.g., those presenting with acute kidney injury 18 or "flash" pulmonary edema 19 ) should be treated with revascularization, and such patients were unlikely to have been included in our trial. The trial population was nonetheless intended to be representative of patients undergoing revascularization in clinical practice.
It is noteworthy that the rate of progression of renal impairment in the medical-therapy group (mean slope in the reciprocal of the serum creatinine level, −0.13×10 −3 liters per micromole per year) was lower by a factor of 10 than that anticipated on the basis of a previous trial 11 (in which the corresponding value was −1.6×10 −3 liters per micromole per year). This finding suggests that the actual enrolled population may have had less rapid loss of renal function than anticipated in the study design. However, since the patients had severe renovascular disease (as shown by their baseline characteristics and the high rate of renal events), the use of more effective antihypertensive and renal protective medical therapies may explain why the patients' renal function deteriorated more slowly than that in similar patients in past studies.
To investigate the issue of patient selection further, we reviewed data on all 508 patients with atherosclerotic renovascular disease who presented to the study center that recruited the largest number of patients. Of 283 patients with renalartery stenosis of more than 60%, 71 underwent randomization, 24 underwent revascularization outside the trial, and 188 received medical treatment only. Reasons for revascularization outside the trial included poorly controlled hypertension, rapidly declining renal function, and participation in another study. Principal reasons for not undergoing revascularization were a decision by the patient, advanced age, and the presence of coexisting medical conditions. Although this is not a systematic analysis, it provides a possible context for understanding the spectrum of patients to whom the findings of this trial may appropriately apply. The overall results of a large trial may disguise a worthwhile clinical benefit in smaller subpopulations of patients. However, we found no evidence that the effect of revascularization differed among patients with varying degrees of renal disease, with the serum creatinine level, estimated glomerular filtration rate, severity of stenosis, and renal length used as variables. An important post hoc subgroup analysis of patients for whom many clinicians currently advocate re vascular ization (those with either bilateral renal-artery stenosis of more than 70% or renal-artery stenosis of more than 70% in a single functioning kidney) also showed no significant difference in outcome between patients with severe renal-artery stenosis and those without such severe disease.
In summary, we compared endovascular revascularization plus medical therapy with medical therapy alone in patients with atherosclerotic renovascular disease. Revascularization carried substantial risk but was not associated with any benefit with respect to renal function, blood pressure, renal or cardiovascular events, or mortality.
